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1 Introduction 
Studies have shown that the offsets of auditory or 
visual stimuli can elicit the off-responses under 
suitable stimulus conditions [1]-[4].  However, less 
is known about the somatosensory off-responses due 
to the lack of suitable stimulators. For auditory or 
visual modality, it is relatively easy to hold stimulus 
intensity for hundreds of milliseconds and to control 
rising and falling symmetrically. The purpose of this 
paper is to study somatosensory evoked on- and off-
responses. 
The electric stimulation most commonly used for 
measuring somatosensory evoked responses has 
been a rather unique method to stimulate peripheral 
nerve bundles or mechanoreceptors directly by 
electric current [5,6].  However, this method is not 
able to maintain a constant physiological stimulus 
intensity. Alternatively, several tactile stimulators 
have been devised primarily for research purposes. 
The pneumatic tapping stimulator has slow rising 
and falling characteristics, and, in general, the onset 
and offset pressure curves are not symmetric [7]. 
The air-puff stimulator has much faster rise/fall 
characteristics, although its symmetry is not 
controlled completely [8]. 
To investigate on- and off-responses to a certain 
stimulus, sharp onsets and offsets of the stimulus are 
very important for eliciting early components of the 
response. In addition, a rise/fall symmetry is also 
required to compare on- and off-responses 
equivalently. Furthermore, the stability of the 
sustained stimulus intensity is required for helping 
physiological adaptation not only for peripheral 
receptors, but also for cortical neurons [9]. 
We devised a new tactile stimulator that satisfies the 
stimulus conditions described above.  Using this 
stimulator, we recorded somatosensory on- and off-
responses evoked by square-wave shaped pressure 
to the finger pad.  

2 Methods 
2.1 Subjects 
Six right-handed healthy volunteers (2 females and 4 
males, aged 24-42 years) participated in the study. 
There were no histories of neurological disorders. 
All subjects gave their written informed consent 
prior to the experiments and the procedure used had 
been approved by the Ethics Committee of the 
National Center of Neurology and Psychiatry. 

2.2 Stimulation 

A tactile stimulus was delivered to the right index 
finger pad using a Braille cell (KGS, Japan) that was 
specially modified for this study. The cell was 
encapsulated by a magnetically shielded box made 
of permalloy. 
 

 

Figure 1: Braille cell. 
Eight-pin-type Braille cell manufactured by KGS 
Ltd., Japan. In this study, the driver circuits on the 
PCB were modified so that each pin moves as fast as 
400mm/sec without ringing. 

 
The stimulator was fed a driving voltage by the 
handmade controller that triggered the stimulator 
and the MEG (Magnetoencephalography) data 
collector simultaneously. At every 250msec, the 
controller alternately produced on-triggers and off-
triggers that made pins go out and pull in, 
respectively. In this study, all of the pins moved in 



the same direction simultaneously, while the 
stimulator can deliver 28-1 different spatial patterns 
by the controller. Stimulus waveforms were ramp-
and-holds trapezoids, without ringing, that produced 
a 0.7mm displacement (with 10gf/pin strength).  The 
onset and offset velocities were 400mm/sec. 

2.3 Measurements 
Measurements was performed in a magnetically 
shielded room (NKK Plant Engineering Co., Japan) 
with a 204-channel whole-head neuromagnetometer 
(Neuromag Ltd., Finland) that consisted of 102 dual-
sensor units each with two orthogonal planar 
gradiometers recording maximal signals directly 
above the source [10]. The subjects lay on a bed 
with their head inside the helmet-shaped 
magnetometer. The position of the head with respect 
to the magnetometer was determined at the 
beginning of each recording through the magnetic 
fields produced by currents fed into four indicator 
coils at predetermined locations on the scalp. The 
locations of the four coils in relation to the 
preauricular points and nasion were determined 
using an Isotrak 3D-digitizer (Polhemus TM, USA) 
prior to the start of the experiment. MEG epochs 
were averaged with the duration of 250msec that 
included a 250msec onset and 250msec offset period 
of the stimulus, alternately. The recording passband 
was 0.03-330Hz, with a sampling rate of 1000Hz. 
Epochs coinciding with MEG exceeding 3000fT/cm 
were excluded from averaging. The recording lasted 
until 3000 pairs of onset and offset stimuli were 
accepted without contamination from artifacts. 
Additionally, we recorded from one of the six 
subjects using this session six times on different 
days for further localization analysis. 

2.4 Data analysis 
Averaged responses were digitally filtered with a 
bandpass of 1.0-100Hz. In all six subjects, a set of 
1.2mm thick, sagittal MRI slices were acquired. The 
MEG coordinate system was aligned with the MRI-
based coordinates by identifying the left and right 
preauricular points, as well as the nasion, from the 
MRI slices. Equivalent current dipoles (ECDs) for 
each magnetic deflection following the onset and 
offset of the stimulus were calculated with a single 
dipole least-squares fit.  We utilized a spherical head 
model constructed based on individual MRIs and a 
subset of 36 channels over the left parietal brain 
areas. ECDs with a maximal goodness of fit (GOF) 
greater than 70% were accepted. The ECD locations 
of each subject were superimposed on his 3D-
reconstructed MR image.  

3 Results 
3.1 Magnetic deflections 
Somatosensory evoked on-responses (N1on, P1on, 
N2on, P2on and sustained-field) were recorded and 
a morphologically similar complex was recorded as 
off-responses (N1off, P1off, N2off, P2off and 
sustained-field) from all subjects. Figure 2a shows 
the averaged on- and off-responses from the channel 
that is nearest to the estimated source and Figure 2b 
shows the isocontour maps at the peak latencies of 
N1on and N1off.  
 

a) b) 
  

Figure 2: a) Averaged waveforms of on- and off-
responses in a representative subject that showed 
typical evoked magnetic fields. On-responses (N1on, 
P1on, N2on, P2on and sustained-field) followed the 
pressure onset and a morphologically similar 
complex (N1off, P1off, N2off, P2off and sustained-
field) followed the pressure offset.  b) The 
isocontour maps at the peak latencies of N1on 
(upper) and N1off (lower) by the step of 10fT in the 
same subject. Red and blue lines, which are 
separated by black “zero” lines, indicate magnetic 
source and sink respectively. Green arrows indicate 
estimated location and orientation of ECDs 
projected onto the sensor array which is represented 
by gray squares. 

3.2 Peak latencies and amplitudes 

The peak latencies and amplitudes of each 
component were identified from the selected 
channel that showed the highest peak of N1on  
component. Latencies were calculated from the 
electric trigger to the Braille cell, which proceeded 
the end of transients of bender movement by 
1.8msec. Amplitudes were calculated from the 
baseline, which was defined by the average of the 
post-trigger 5msec duration, 5-10msec. Table 1 
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shows the mean and standard deviation (SD) of the 
peak latencies and amplitudes of each deflection. 
The average latencies of P1, N2 and P2 were 
prolonged for off-responses compared to on-
responses, although the differences were not 
statistically significant. In addition, the average 
amplitudes of each component were smaller for off-
responses compared to on-responses, and only the 
differences for N1 (p<0.01) and P1 (p<0.02) were 
statistically significant as revealed by the paired t-
test. 

Table 1: Mean ± SD (n=6) of the peak latencies and 
amplitudes of the N1, P1, N2 and P2 on- and off-
responses recorded at the peak channel in parietal 
area contralateral to stimulation. 

 On-response Off-response 
N1   24.9 ± 1.1 msec 

  17.7 ± 6.1** fT/cm 
  24.5 ± 2.0 msec 
    8.6 ± 4.4** fT/cm 

P1   44.2 ± 3.3 msec 
 -20.0 ± 8.7* fT/cm 

  46.0 ± 6.7 msec 
   -9.0 ± 5.1* fT/cm 

N2   55.4 ± 4.8 msec 
  15.9 ± 19.0 fT/cm 

  61.8 ± 11.6 msec 
    7.7 ± 17.1 fT/cm 

P2   76.0 ± 4.8 msec 
 -23.1 ± 9.3 fT/cm 

  84.2 ± 11.7 msec 
 -17.8 ± 9.3 fT/cm 

Significance of difference between on- and off-
responses was calculated using the paired t-test: 
(*P<0.02, **P<0.01).  

3.3 Localization 

ECDs for N1, P1 and N2 on- and off-responses 
(with a GOF of over 70%) were all localized within 
the central sulcus, contralateral to stimulation. ECDs 
for P2 were not localized with a sufficient GOF by a 
single dipole model. Figure 3 shows the location and 
orientation of the ECDs superimposed on the MRI 
slices.  
The location difference of N1, P1 and N2 for on- 
and off-responses were not statistically significant 
along any orthogonal xyz axis. The equivalent 
source strength of each corresponding deflection 
was smaller for off-responses compared to on-
responses, although this difference was not 
statistically significant. 
ECD orientations of N1on and N1off were 
significantly different along the x (left-to-right) axis 
in six repetitive sessions in one subject. The dipole 
moment of N1off was directed more medially than 
that of N1on in the x-y plane. These results are 
shown in Table 2.  
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Figure 3: Location and orientation of the ECDs 
superimposed on the MRI slices  a) in the same 
subject as Figure 2 and  b) in another subject. Red, 
white, green, yellow, black and blue arrows indicate 
ECDs of N1on, P1on, N2on, N1off, P1off and N2off, 
respectively. 

Table 2: Mean ± SD of the ECD orientations for 
N1on and N1off from six repetitive sessions (n=6) in 
one subject.  

 On-response Off-response 
Qx  0.63 ± 1.11* nAm  2.92 ± 1.79* nAm 
Qy  4.47 ± 3.17   4.22 ± 3.06  
Qz  2.72 ± 2.08   1.44 ± 1.83  
tan-1 
(Qx/Qy)  8.58 ± 9.26* deg  25.7 ± 15.1* deg 

Significance of difference between on- and off-
responses was calculated using the paired t-test: 
(*P<0.05). 

4 Discussion 
Our new tactile stimulator has enabled us to obtain a 
series of somatosensory cortical responses including 
the earliest cortical N1 component with a peak 
latency of ca. 24 msec. The rise time of the 
stimulator was 1.8msec, which is much faster than 
most of the conventional tactile stimulators, except 
for the air-puff stimulator [8]. This fast transition 
can maintain a well synchronized neuronal activity, 
in order to elicit the earliest cortical component with 
the shortest duration. The N1 latency observed in 
this study was a few milliseconds longer than that by 
electrical stimulation. This delay may be explained 



by the transition time of piezoelectric benders, 
which start just after electric triggers. 
In addition to a robust on-response to the tactile 
stimulation, we were also successful in recording an 
off-response to the same stimulus. To our 
knowledge, our results are the first recording of a 
somatosensory off-response from a human subject. 
Displacement of the bimorph piezoelectric benders 
is approximately proportional to the supplied 
voltage, and the control voltage waveforms to 
equalize bi-directional temporal displacement 
symmetrically was relatively easy. In addition, the 
strength of 10gf for each pin is sufficient to keep the 
skin indentation stable to keep the finger tap in 
contact with the “holder” of the Braille cell (Figure 
1) during the measurement with moderate pressure. 
Although some readers might think that the off-
responses are “on-responses” to the counter tapping 
by this holder, we believe that this possibility is 
quite small because the index finger tap always 
makes contact with the holder during the 
measurement and the speed of the pins’ withdrawal 
is much faster (400mm/sec) than the recovery of the 
skin indentation.  
Touch-pressure receptors are one of the most 
common receptors in the body. Slowly adapting 
(SA) tonic receptors contribute solely to the on-
responses. On the other hand, rapidly adapting (RA) 
phasic receptors correspond to both on- and off-
responses. The amplitude difference between on- 
and off-responses found in this study may reflect the 
population difference of peripheral receptors 
involved in the response. This explanation is 
consistent with the fact that the earlier components 
showed the more significant amplitude difference in 
this study. 
Some researchers have reported somatosensory off-
responses in animal models [9,11]. M. Sur, et al. 
studied SA and RA neurons at the cortical level and 
reported a modular distribution of SA and RA 
neurons in area 3b of the somatosensory cortex in 
monkeys [9]. In an electrode penetration study, they 
found RA neurons in all cortical layers, while SA 
neurons were present only in the middle cortical 
layers. Our results of the ECD orientation difference 
between the N1on and N1off response suggests that 
a different cortical distribution of SA and RA 
neurons also exists in humans. 
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